Non-coding RNAs (ncRNAs) recently were discovered to outnumber their protein-coding counterparts, yet their diverse functions are still poorly understood. Here we report on a method for the intracellular Single-molecule High-Resolution Localization and Counting (iSHiRLoC) of microRNAs (miRNAs), a conserved, ubiquitous class of regulatory ncRNAs that controls the expression of over 60% of all mammalian protein coding genes post-transcriptionally, by a mechanism shrouded by seemingly contradictory observations. We present protocols to execute single particle tracking (SPT) and single-molecule counting of functional microinjected, fluorophore-labeled miRNAs and thereby extract diffusion coefficients and molecular stoichiometries of micro-ribonucleoprotein (miRNP) complexes from living and fixed cells, respectively. This probing of miRNAs at the single molecule level sheds new light on the intracellular assembly/disassembly of miRNPs, thus beginning to unravel the dynamic nature of this important gene regulatory pathway and facilitating the development of a parsimonious model for their obscured mechanism of action.
Introduction
Current estimates place the fraction of the mammalian genome that is transcribed into RNA at up to $75% [1, 2] . Considering that only $1.2% of the entire genome is protein coding [1] , non-coding RNAs (ncRNAs) have been predicted to be one of the most abundant molecular species within the eukaryotic cell. Although ncRNAs were initially assumed to be transcriptional noise, i.e., a basal amount of erroneous transcription accompanying the fruitful synthesis of protein-coding messenger RNAs (mRNAs), recent findings suggest that a majority of them exhibit profound structural, catalytic and regulatory roles [2] [3] [4] [5] , thus forming the basis of cellular homeostasis. One such class of endogenous regulatory RNAs is microRNA (miRNA).
miRNAs are endogenously expressed and processed small ncRNAs, $22 nucleotides (nt) in length, which in association with a cohort of proteins, collectively termed the miRNA induced silencing complex (miRISC), bind to short (6-8 nt) so-called seed sequences in the 3 0 untranslated regions (UTRs) of target mRNAs to typically downregulate gene expression at the post-transcriptional level [6, 7] . As abundant high-level gene regulators they play key roles in almost all cellular processes [6, 7] , and their aberrant expression has been associated with several human pathologies, including cancer [5] . About 1500 different mammalian miRNAs have been discovered so far and the expression of $60% of all human mRNAs are computationally predicted to be controlled by miRNAs, while the rest appears to have evolved to avoid such control [6, 8] . As an additional layer of complexity, a single miRNA is thought to typically regulate several hundred mRNAs, whereas a single mRNA is predicted to often be regulated by multiple miRNAs of the same or different sequence. A picture thus emerges of a complex regulatory network that allows for rapid adaptation of the whole transcriptome to changing environmental cues during, for example, cell development or cancer onset. However, tools to experimentally dissect and verify this regulatory network are emerging only slowly.
A number of competing hypothesis regarding the mechanism of miRNA-induced gene repression have been proposed [9] [10] [11] , and when we developed the method described here it was not yet clear whether miRNAs repress their target in a specific cell either by a single mechanism or by several parallel mechanisms. Moreover, the nature and extent of miRNA-mRNA interactions and the spatial organization of miRNAs as they mediate repression are still a mystery. The functionally pervasive nature of miRNAs and lack of an incisive tool to quantitatively differentiate the intracellular miRNA pathways prompted us to utilize single molecule fluorescence microscopy (SMFM); an unparalleled tool that has exposed molecular dispersion and short-lived and/or rare intermediates otherwise masked in the ensemble average [12] .
SMFM has been extensively applied to living cells in the form of single particle tracking (SPT) or single molecule counting to understand diffusion and oligomerization states of biomolecular complexes [13] . The existing strategies for SPT in living cells either decorate the target molecule with endogenously expressed fluorescent protein(s) [14] or endocytosed nanoparticles [15] , leading to high-molecular weight appendices that may impede function; or they employ microinjection of target particles externally labeled with multiple fluorophores [16] . These approaches so far have been applied to proteins, protein assemblies and large RNA:protein complexes. Complementary methods have recently been developed to assess the number and location of single intracellular molecules by fixing and permeabilizing a cell and incubating it with probes that are labeled with multiple fluorophores or nanoparticles [17] , limiting this approach to the detection of relatively large protein and RNA molecules. Small RNAs, such as miRNAs have also been previously counted both in vitro [18] and in situ [19] , but neither in vivo nor in a form that allowed them to still be functional. All prior methods required the hybridization of microscopically detectable complementary oligonucleotides to miRNAs, after cell lysis or fixation, and were used predominantly to quantify endogenous miRNAs. Although efficient in understanding miRNA expression patterns, even at the single cell level [19] , these methods could not visualize the intracellular assembly and transport of miRNAassociated complexes, the processes that are most fundamental to their biological function. Here we report a method to visualize single, functional, singly-fluorophore labeled miRNA molecules inside live as well as formaldehyde-fixed human cells, a technique laying the foundation for understanding their intracellular localization, assembly and diffusion. We have termed our tool intracellular Single-molecule High-Resolution Localization and Counting, or iSHiRLoC.
iSHiRLoC -a detailed description of the materials and methods

Outline of the method
Three previously reported, disparate methods -intracellular single molecule detection utilizing an optimized illumination strategy, single particle tracking microscopy and single molecule counting by stepwise photobleaching of fluorescent probes -were carefully combined with microinjection into a widely applicable single molecule tool to investigate the intracellular diffusion and distribution of miRNAs ( Fig. 1) [20] . More specifically, adherent mammalian cells maintained under their natural growth conditions (typically 37°C supplemented with 5% CO 2 in air) were first microinjected in their cytoplasm with fluorophore labeled functional miRNAs (1.2. Validating iSHiRLoC as a biologically relevant method). We chose microinjection over other methods of intracellular delivery for two main reasons: (a) it allowed us to precisely control the number of molecules that were delivered to each cell and, (b) it defined a clear starting point in our assays. By controlling the number of molecules injected, we were able to introduce close to endogenous levels of the miRNA, thereby minimizing cell perturbation and achieving sufficiently low densities of miRNAcontaining particles to discern them as distinct point spread functions, facilitating single molecule detection. As microinjected materials are immediately exposed to the cellular content, we could clearly define a starting point in our assays -seldom achievable using methods like transfection, where the introduced materials, at least initially, are trapped in endocytic vesicles. After a certain period of incubation, the cells were imaged by highly inclined laminar optical sheet (HILO) microscopy to achieve deeper penetration into cells without compromising on signal-to-noise ratio [21] . Single particle tracking (SPT) fluorescence microscopy was then used to localize and track individual miRNA particles inside living cells with a temporal resolution of 100 ms and a spatial accuracy of $30 nm, effectively breaking the theoretical limit of resolution that conventional light microscopy suffers. Diffusion coefficients and diffusive patterns of individual particles thus obtained shed light on the molecular mass of complexes and their intracellular behavior. In a complementary method, cells were formaldehyde-fixed post-microinjection to immobilize all particles and then continuously illuminated until all particles photobleached. The quantized stochastic, and hence stepwise, photobleaching of single fluorophores quantifies the number of miRNA molecules per particle and thus the oligomerization state of micro-ribonucleoprotein (miRNP) complexes. Put together, iSHiRLoC illuminates the intracellular assembly of miRNP complexes and advances the understanding of their biological mechanism of action.
Instrumentation
Fluorescence microscopy was performed on an Olympus IX81 microscope ( Fig. 2 ) that was equipped with 3 different objectives; 10Â and 20Â low magnification objectives, and a 60Â 1.45 NA oilimmersion objective (Olympus). The microscope featured an internal 1.6Â magnification and was additionally equipped with a 1-4Â magnification changer (Olympus). We routinely performed ensemble fluorescence microscopy using the 20Â objective and singlemolecule imaging using the 60Â objective with additional 2Â magnification to a total of 120Â magnification. Samples were positioned on a nanometer-precision motorized stage (ASI Imaging) with xyz-position motor control and z-position piezo control. The microscope also contains an infrared laser coupled zero-drift control module (Olympus) to correct for focal drift (which was not used in our experiments since drift was minor over the imaging period). Images were acquired using a 512 Â 512 pixel area of an EVOLVE EM-CCD camera (Photometrics) at 100 ms exposure time. Solid state lasers with wavelengths of 405 nm (20 mW), 488 nm (25 mW), 532 nm (100 mW) and 640 nm (100 mW), were directed through an acousto-optical tunable filter (AOTF) and split into separate fiber-optic cables within a home-built laser launch system. The AOTF allowed for computer mediated selection of the appropriate laser wavelength for illumination and modulation of laser intensity. AOTF coupling also enabled sub-millisecond switching between multiple laser wavelengths, forming the basis for alternating or interlaced excitation schemes. The fiber-coupled laser beams were directed into a cell-TIRF laser-combining module (Olympus). All laser lines were optically filtered using 10 nm bandwidth clean-up filters to ensure narrow bandwidth illumination. A maximum of $0.8 mW, 1.2 mW, 7 mW and 8 mW of laser power were achieved at the objective for the 405 nm, 488 nm, 532 nm and 640 nm laser lines, respectively. All laser beams were focused on the back-focal plane of the objective and aligned to travel parallel to the optical axis such that the incident angle of illumination at the dish-medium interface can be controlled electronically by changing the distance of the beam from the optical axis at $0.01°angular resolution using the cell-TIRF module. GFP and Cy5 were excited by the 488 nm and 640 nm lasers, respectively, and their fluorescence was detected using a dual-band filter cube consisting of a z491/639rpc dichroic filter (Chroma) and a z491/ 639 m emission filter (Chroma). mCherry and Cy3 were excited using the 532 nm laser and their emission was detected using a Q570LP dichroic filter (Chroma) and HQ610/75 m emission filter (Chroma). Cells grown on DeltaT dishes (Bioptechs) were maintained at 37°C on the microscope stage while imaging using the DeltaT open dish system (Bioptechs) and a heated lid (Bioptechs). 5% CO 2 in air was supplemented to cells using the side port of the heated lid. Microinjections were performed using a Femtojet pump (Eppendorf) and an Injectman NI2 micromanipulator (Eppendorf), which was mounted on the microscope via the back adapter, just adjacent to the stage. Capillaries (500-nm tip diameter Femtotips, Eppendorf), positioned at an angle of 45°with respect to the plane of the sample, were loaded with the appropriate concentration of injection solution just prior to microinjection.
Cell culture, media formulations, injection sample and microinjection
Selecting an appropriate cell line with favorable physical and morphological characteristics is critical to iSHiRLoC's experimental design. For instance, it is preferable to use adherent cells that are large yet flat. The use of adherent cells prevents the accidental removal of cells during microinjection. Optimal cell size and flatness ensures favorable spatial distribution of fluorescent particles and reduced likelihood for particles to diffuse out of the imaging plane, both of which are ideal for single particle tracking and single molecule imaging. Moreover, the cell lines should be capable of accommodating the fluorophore labeled molecule of interest in its appropriate cellular function, even after microinjection. U2OS and HeLa cells are two examples of human cell lines that meet the above criteria and have been successfully used in iSHiRLoC experiments.
Cells are typically maintained in their regular growth medium in an incubator set at 37°C, supplemented with 5% CO 2 and 95% relative humidity in air. We use DMEM (GIBCO, Cat# 11995) supplemented with 10% FBS and 1Â NEAA to culture HeLa cells and McCoy's 5A basal medium (GIBCO, Cat# 16600) supplemented with 10% FBS for U2OS cells. Prior to microinjection, the cell medium is exchanged for a phenol red-free basal medium supplemented with reduced FBS (minimal tolerated FBS media, MTF) to reduce autofluorescence and stabilize the dish for the addition of the microinjection medium. We use HEPES buffered phenol redfree DMEM (GIBCO, Cat# 20163) supplemented with 2% FBS, 1Â NEAA and 1 mM sodium pyruvate for HeLa cells and phenol Cell medium is a viscous solution of high osmolarity that can easily clog or reduce the flow of injectate from the narrow opening of a microinjector capillary and thus can influence the number of successful injections. To reduce capillary clogging, cells are soaked in a HEPES buffered saline (HBS) minimal medium (20 mM HEPES-KOH, pH 7.4, 135 mM NaCl, 5 mM KCl, 1 mM MgCl 2 , 1.8 mM CaCl 2 and 5.6 mM glucose) of lower viscosity and osmolarity than the injection solution. These characteristics, together with the constant compensation pressure applied during microinjection, prevents clogging and backflow of solution into the capillary. HBS is also used as an imaging medium for live cell imaging because it contains neither serum nor vitamins, both of which significantly contribute to autofluorescence [22] . However, due to its minimalistic nature, it is essential to test the compatibility of both MTF and HBS with each cell line to ensure minimal perturbation to cell health, especially cell division time, during and after microinjection.
Selection of injection pressure is based on the extent to which the cells are perturbed by the act of microinjection and the amount of material that is required to be injected into the cell. Beyond a certain pressure threshold cells may simply explode upon injection, hence it is best to start at an injection pressure recommended by the manufacturer for adherent cells. For instance, Eppendorf recommends using an injection pressure of 50-500 hPa, 0.3 s injection time and 30-300 hPa compensation pressure. The injection pressure is the pressure applied by the pump to the solution during each injection, whereas the compensation pressure is the constant pressure that is applied to the capillary to prevent back-flow of solution into the capillary. The injection time corresponds to the length of time the capillary remains in the cell during injection while the set injection pressure is applied. Selection of compensation pressure is dependent on the osmolarity of the medium and is set by finding the lowest value at which there is a constant flow of materials from the capillary. Typically, the injection pressure is set higher than the compensation pressure. In practice, microinjections for all SPT and single-molecule counting experiments [20] were performed at 100 hPa injection pressure for 0.5 s with 20 hPa compensation pressure. Based on our calibration (Fig. 3A) , the microinjection volume was $0.02 pL or $0.5%-5% of the total let-7-a1 guide RNA P-UGAGGUAGUAGGUUGUAUAGUU let-7-a1 passenger RNA P-CUAUACAAUCUACUGUCUUUCC let-7-a1 mutant guide RNA P-UGCGUUAGUAGGUUGUAUAGUU let-7-a1 mutant passenger RNA P-CUAUACAAUCUACUGUCGUUCC Siluc2 siRNA guide RNA GAAGUGCUCGUCCUCGUCCUU Siluc2 siRNA passenger RNA GGACGAGGACGAGCACUUCUU MS2 DNA AXGTCGACCTGCAGACAXGGGTGATCCTCAXGTTTTCTAGGCAATXA C-MS2 DNA P-TAATTGCCTAGAAAACATGAGGATCACCCATGTCTGCAGGTCGACAT P -5 0 Phosphate, X -amine modified deoxy-uridine, underlined bases represent differences between wild-type and mutant sequences.
cell volume, which translates to $18,000 molecules of miRNA (using a 1.5 lM microinjection concentration) at these settings.
The miRNAs used for microinjection were synthesized with a 5 0 phosphate (P) and, in the case of amine modified RNA, a 3 0 amino group on a C7 carbon linker (Howard Hughes Medical Institute Biopolymer/Keck Foundation Biotechnology Resource RNA Laboratory at the Yale University School of Medicine). RNA was purified as described [23] and the 3 0 amine group was labeled with Cy3 or Cy5 NHS ester as described [23, 24] . The absorbance of labeled miRNAs was measured to ensure the presence of one fluorophore label per miRNA, as calculated from the molar extinction coefficients of label and RNA [23, 24] . Size homogeneity of purified and labeled RNA strands were tested on a 20% Urea-PAGE. Guide and passenger strands were heat-annealed in a 1:1 ratio in water at 10-20 lM concentrations, and the resulting duplex miRNAs were kept at À20°C for further use. The extent of duplex formation was tested by electrophoretic mobility shift assay (EMSA) on a 15% non-denaturing polyacrylamide gel. Sequences of miRNAs used in our assays are listed in Table 1 .
The injection solution typically contains just the fluorophore tagged miRNA or an additional injection marker diluted in a buffered solution at pH $7. It is critical to prepare the microinjection sample in a solution with an ionic concentration and osmolarity similar to that found inside cells, mainly because the cell volume increases upon microinjection proportional to the injection pressure, and it is preferable not to perturb the cell's ionic equilibria; microinjection of samples diluted in water results in cell swelling and death. We typically used PBS (phosphate buffered saline, GIB-CO) as an injection buffer because it is isotonic with the intracellular milieu, it has been previously used for a wide range of injection experiments [25, 26] , and cellular functions were not impaired upon injecting this buffer. Although mammalian cells may not contain more than typically $12 mM and $5 mM of sodium and chloride ions, respectively, PBS also contains potassium and phosphate ions that are present at levels that are more appreciable. More elaborate close-to physiological injection buffers, such as those containing acetate ions, HEPES or glutamate ions, can also be used [27, 28] . It is noteworthy that we found Tris-based injection buffers, including those containing Tris-acetate, to be detrimental to cell health. A majority of our experiments were performed using samples that contained both the fluorophore labeled miRNA and a comparably blue shifted, and thus spectrally distinct, 10 kDa fluorophore labeled dextran, used as an injection marker. In addition, we have successfully used cascade blue, fluorescein, Alexa555 or Alexa647 conjugated dextran (Invitrogen), in some cases of higher molecular weight to reduce leakage between cell compartments, for injector calibration (1.3.1. Microinjector calibration) and as a marker during miRNA microinjections. We found the usage of such injection markers to neither adversely affect cell growth and function nor to contribute to background signal while imaging the miR-NA if chosen sufficiently blue-shifted [20] . Moreover, the capillary can be tested for clogging by visualizing the flow of injection marker from the tip rather than the fluorophore labeled miRNA, thereby preventing photobleaching of the latter.
Our miRNA concentrations were based on the desired particle density and the biologically required intracellular concentration. If the biologically required concentration and hence the intracellular particle density is refractory to single molecule detection, nonfluorescent RNA can be titrated into the injection mixture to achieve the appropriate concentration without oversaturating the fluorescent particle density. Based on the ratio of fluorescent to non-fluorescent RNA in the cell, the distribution of molecular stoichiometry or aggregation state of the RNA will vary, i.e., the fraction of higher order complexes will be more pronounced if the ratio is high. However, we typically probed the relative time evolution of the miRNA assembly state so that the results were not affected as this ratio was maintained through the time course and between experiments. Moreover, a single target mRNP may bind multiple miRNAs of the same or different sequence and miRNA bound mRNPs can be targeted to common degradation sites like processing bodies (PBs) [8] , thus it is likely that the fluorescent particles we observe also contain endogenous ''dark'' miRNAs. In essence, the assembly states we measured were those of the fluorophore labeled miRNAs only. We typically microinjected 1.5 lM Cy5 labeled duplex miRNAs and 0.5 mg/ml 10 kDa fluorescein-dextran (Invitrogen) in PBS. As Cy5 photobleaches relatively quickly, fluorescein served as a marker to locate microinjected cells. More specifically, cells were first brought into focus and imaged using 488 nm (fluorescein) excitation and then quickly imaged using 640 nm (Cy5) excitation. The injection marker can be omitted from experiments when it is detrimental to cell health or imaging, by simply increasing to 2 lM Cy3 or Cy5 labeled miRNA in PBS.
Although Cy3 labeled particles were visible for a longer time than those containing Cy5, the majority of experiments were performed with Cy5 labeled miRNAs, mainly because cellular autofluorescence was higher upon 532 nm (Cy3) excitation than 640 nm excitation. Co-microinjecting let-7-a1-Cy3 along with an injection marker, either fluorescein-dextran or Alexa-647-dextran, resulted in high background fluorescence due to spectral overlap and strong Cy3 fluorescence quenching by energy transfer, respectively, when illuminated at 532 nm.
Microinjector calibration
To ensure that the intracellular concentration of the RNA microinjected reflects endogenous levels, it is essential to know the exact amount of sample that is introduced into each cell. Based on the injection volume and the exact concentration of the injection sample in the capillary, one can calculate the number of molecules injected per cell (Fig. 3A) . The microinjector is calibrated as described [29] . We used the following protocol:
A. Prepare siliconized coverslips.
a. Sonicate coverslips in 1 M KOH for 10 min. b. Rinse three times each with water, methanol, acetone, water and dry coverslips under N 2 . c. Add 1 ml sigmacote (Sigma) on the coverslip and incubate at RT for 10 min. d. Rinse three times with water. e. Bake coverslip at 100°C for 30 min. f. Rinse three times with water and dry under N 2 .
B. Attach the coverslip onto a slide with an $2 cm (diameter) hole in the middle such that the coverslip and the slide create a small well. Ensure that the siliconized side faces into the well.
C. Fill the well with Type FF immersion oil (Cargille).
D. Fill capillaries with 0.01-0.5 mg/ml injection marker in 1Â PBS.
E. Inject into the oil at various injection pressures varying from 100-7000 hPa.
F. Take bright-field and fluorescence z-stacks of the droplet that settles on the coverslip surface. Based on these images measure the diameter and calculate the volume of the droplet.
G. Plot the integrated density of fluorescence (IDF) of the droplet versus volume to create a standard curve. This curve is used to gauge the average injection volume at specific injection pressures. It can also be used to calculate the number of miRNA molecules microinjected into individual cells based on the intensity of fluorescent injection marker. For image analysis, we selected cells with up to 30% variation in IDF from the average IDF at the chosen microinjection pressure.
Notes, tips and troubleshooting
A. If glass bottom plastic dishes are used for siliconization, then the baking step can be omitted. B. Siliconization and Type FF oil are absolutely essential to execute this protocol. The former creates a water repellant layer that preserves the spherical nature of the droplet formed upon injection with very little or no flattening. The latter has the optimal density to make the injected droplet sink to the bottom of the well. C. This method can be used to calculate the number of miRNA molecules injected per cell, by reading cellular fluorescence values off the standard curve. To compare cellular fluorescence with the above standard curve the fluorescent probe used here need to be similar in identity and concentration to one used in cellular microinjection experiment as an injection marker. Moreover, the excitation laser intensity and camera acquisition conditions ought to be similar to that used for cellular imaging. D. Occasionally, the droplet remains attached to the capillary after injection. Quickly remove the capillary out of the oil (using the ''HOME'' function on the Eppendorf micromanipulator) to dislodge the droplet. Surface tension at the oil surface causes the droplet to dislodge into the oil and sink once the tip moves beyond the air-oil interface. E. Recombinant luciferase proteins (Promega) or radioactive tracers can also be used for calibration purposes. However, it is difficult to assay for these reagents microscopically and hence they are used only to provide an average injection volume. F. Other methods for calibration can be employed as described [30] . G. Methods such as those described above seldom account for the exact volume of the cell and only provide an average number of molecules injected per cell.
Cell culture and microinjection protocol
A. Seed cells at a density of 1-1. a. Focus on a patch of cells on the dish using the 10x objective and the eyepiece. b. Slowly lower the injector capillary in 'coarse' mode such that the tip of the capillary is close to the center of the bright-field illumination spot, until it comes in contact with the medium. Switch to 'fine' mode.
c. If present near the field of view, the capillary can be easily found as it scatters the incident light, i.e., a bright area within the darker field of cells. Focus on the tip of the capillary and slowly lower it until the cells are barely in focus. d. Switch to the 20Â objective and use the additional 1.6Â magnification. Bring the capillary tip into focus. e. Check for microinjector clogging by visualizing the flow of injection marker from the capillary upon illumination with the appropriate excitation light. Application of a constant compensation pressure results in a perennial flow of solution from the capillary. f. Lower the tip until it comes in contact with a cell and creates a light depression on the cell membrane. Set the z-limit on the injector and begin injecting cells. g. To move to the next region, raise the capillary by $100 lm, raise it to the non-operational position (press the 'HOME' button on the injector), move to a second region and return the capillary to the dish (press the 'HOME' button again). Repeat step f. G. Remove HBS, wash cells 3 times with pre-warmed (37°C) HBS, replace with pre-warmed (37°C) MTF and incubate cells for the desired time at 37°C in 5% CO 2 and 95% relative humidity atmosphere. The cells are now ready to image.
Notes, tips and troubleshooting
A. Samples should be centrifuged to pellet any large debris that may clog the microinjector capillary. Alternatively, the sample can be filtered using 0.2/0.45 lm Ultrafree MC spin filtration units (Millipore), centrifuged at 12,000g for 4 min at RT. B. If the microinjector is clogged or if an air bubble is present in the capillary, apply maximum pressure (''CLEAN'' functionality on Eppendorf Femtojet pumps) to remove the obstacle. C. It is important to limit the microinjection time and cell exposure to HBS. Long exposure of sample to white light, the preferred source of illumination for injections, can result in fluorophore photobleaching. In some cases, long exposure to HBS may be detrimental to cells. Certain cell lines, such as HeLa, are not affected by exposure to HBS of greater than 1 h, whereas with other cell lines, such as U2OS, it causes massive cell death, potentially due to reduced buffering capacity or the absence of vitamins and serum in the medium. D. If MTF affects cell growth, phenol-red free regular growth medium can be used; however, increased background may mar single molecule detection. E. Microinjected cells are a potential source of contamination of a laboratory incubator due to their exposure to the atmosphere. Therefore, using a separate incubator for them is preferred. Alternatively, a make-shift incubator can be created by placing the dish in one half of a divided plate, filling the second half with a small volume of water, enclosing it in an airtight sandwich bag inflated with 5% CO 2 air and incubating this bag in an oven preset at 37°C. Cells are stable in such an incubator for up to 36 h.
Validating iSHiRLoC as a biologically relevant method
iSHiRLoC requires the injection of fluorophore labeled molecules, whose activity should be preserved inside cells to extract biologically relevant information. Thus, for every cell line used, it is essential to test if fluorophore conjugation or the act of microinjection affect the expected biomolecular function; in the case of miRNAs, the reduction in protein expression by sequence-specific binding to their cognate mRNA targets. To this end, ensemble luciferase and fluorescence reporter assays should be performed. We found that both labeled and unlabeled miRNAs are functional to similar extents (Fig. 3B ) whether they were transfected or microinjected (Fig. 3C) .
Luciferase assay to validate functionality of fluorophore tagged microRNAs
Our reporter plasmids were based on the pmiRGLO dual luciferase expression vector (Promega)
0 UTR of mouse HMGA2, are cloned downstream of the FL gene.
As let-7 miRNAs are abundant in HeLa cells, reporter plasmids with the 3 0 UTR of HMGA2 were strongly repressed even in the absence of additional miRNA (Fig. 3B) . To increase the sensitivity of our assays, we used a reporter plasmid that contained two base mutations in all let-7 seed sequences within the 3 0 UTR of HMGA2, which could be repressed efficiently only by a mutant let-7-a1 miRNA with complementary mutations. We created luciferase reporter plasmids pmG-mH3U (wt) and pmG-mH3UM (mut) by inserting PCR amplified wild-type and mutant mouse HMGA2 3 0 UTR sequences, respectively, downstream of the FL gene in the pmiRGLO vector. Negative control siRNA (Ambion) and siLuc2 siRNA (Dharmacon , Table 1 ), a positive control siRNA designed against the coding sequence of the firefly luciferase gene (luc2), were purchased as duplexes without 5 0 P on either strand. These siRNAs are rendered functional inside cells by cellular kinases that phosphorylate the 5 0 ends of both strands of the duplex [31] .
A. Seed 15,000 cells with 100 ll of growth medium per well of a 96 well plate, such that the cells will be $70% confluent after 24 h. B. Replace with fresh growth medium just before transfection. 
Notes, tips and troubleshooting
A. The above protocol is optimal for HeLa and U2OS cells. Standardize the ratio of nucleic acid to transfection reagent for each cell type. If plasmids and siRNAs with markedly different molecular weights are to be compared, include a carrier plasmid such as pUC19 or pGEM-3z in the lower molecular weight siRNA sample. Carrier plasmids are chosen such that they do not express any gene in mammalian cells. Ideally, it should be attempted to maintain the nucleic acid amount over all samples such that the net mass of nucleic acids (in lg) and the net moles of the specific plasmid or siRNA remain the same. B. Titrate siRNA or miRNA amount to identify the minimal concentration at which maximal repression is achieved. C. It is required that the relative concentration of the luciferase substrate is much higher than the enzyme for such reporter assays. Thus, assays can also be performed as per manufacturer's (Promega) protocol with 100 ll of all reagents, although it suffices to use 40 ll.
D. To ensure that measured luminescence readings are directly comparable, it is important for them to fall within the linear range of luminescence detection. To this end, luminescence of lysates at various concentrations is measured, the range of concentrations over which the readings are linear is identified, and the amount of reporter plasmid added is titrated such that measured luminescence values of experimental samples are within that range. E. It is important to note that Dual-Glo luciferase assay reagents, unlike dual-luciferase assay reagents, are not designed for use with automated injectors as excessive reagent foaming may occur.
Fluorescence reporter assay to validate functionality of microinjected microRNAs
Microinjection is the act of introducing molecules into one cell at a time. We typically inject $300-400 cells in a dish that contains over 10 5 cells, thus, performing ensemble assays with lysates created from all cells in the dish, such as that required for luciferase assays, are not preferred because they dilute the reporter several fold, thus obstructing sensitive and accurate quantification. To overcome this problem, a reporter gene assay that measures specific output from individual cells was required. As microscopes are typically not equipped to measure luminescence, we resorted to fluorescence. To this end, we microinjected a solution containing three components: (1) an mCherry reporter plasmid that contained a miRNA sensitive 3 0 UTR; (2) a GFP control plasmid that was used for normalizing variation in injection amount and protein expression; and (3) a 3 0 UTR specific or non-specific miRNA. Fluorescence from individual cells was then used to measure the extent of repression. For our assays [20] we created a fluorescence reporter plasmid pEF6-mCherry-mH3UM by inserting the mCherry gene and the mutant 3 0 UTR of HMGA2 into the pEF6 (Invitrogen) vector backbone. pEGFP-C1 was purchased from Clontech. The injection solution contained 0.1 lg/ll of each plasmid and 1.5 lM of the respective miRNA diluted in PBS. Injections were performed at 100 hPa for 0.5 s with a compensation pressure of 40 hPa. Using the above experimental conditions, we found that the normalized fluorescence in cells microinjected with the mut-let-7-a1 miRNA were, on average, much lower than those injected with the let-7-a1 miRNA, strongly suggesting that the act of microinjection does not affect miRNA function (Fig. 3C) .
A. Culture and microinject cells as described above (1.3.2. Cell culture and microinjection protocol). B. Incubate cells at 37°C supplemented with 5% CO 2 for 24 h. 
Notes, tips and troubleshooting
A. Both labeled and unlabeled miRNAs can be used in these assays. However, bleed-through contributed by the fluorophore on the miRNA should also be considered for final IDF calculations. B. Although fluorescence reporter assays are valuable in differentiating repressed cells from those that are not, they should be complemented with luciferase reporter gene assays mainly because the latter are more sensitive over a much larger range of reporter concentrations.
Single particle tracking in live cells
The live-cell SPT component of the iSHiRLoC assay is designed to capture the dynamic information of biomolecular interactions and intracellular localization. Through monitoring the diffusive motion of particles, various physical parameters such as particle number, size, velocity, motion type, and diffusion coefficients can be obtained, which sheds light on the nature of the particle itself and its immediate surroundings. Population analyses of the calculated particle parameters typically show multiple distributions owing to differences in their behavior, which in some cases may illuminate the diversity in their mechanism of action ( Fig. 4A-C) . This property is especially true for miRNAs since they have the tendency to form complexes of various sizes through the course of their assembly and repressive pathways [20, 26] . We used 1.5 lM Cy5 labeled duplex miRNAs and 0.5 mg/ml 10 kDa Fluorescein dextran (Invitrogen) in PBS for injections. Microinjections were performed at 100 hPa injection pressure for 0.5 s with 20 hPa compensation pressure. Based on these experimental conditions we found that intracellular miRNA assembly is temporally regulated [20] . Briefly, at initial time points (up to 1 h post injection) miRNAs were either free or bound by miRISC complexes that diffused faster than the time resolution of our camera and presented as a blur, thus spreading the signal over the entire span of the cell. As they assembled into larger complexes (after $1 h and beyond), localization of individual particles was enhanced and diffusion coefficients of all such particles were distributed over two Gaussian populations resembling those of mRNPs (fast population) and PBs (slow population), as expected if miRNAs are target bound and miRNA-mRNA complexes localize to the cellular mRNA degradation machinery, respectively. We further found that the fraction of the slowly moving population decreased with time, signifying increased degradation at later time points and the release of miRNPs from such large complexes, i.e., disassembly. The protocol for live cell particle tracking was as follows.
A. Culture and microinject cells as described above (1. 
Notes, Tips and Troubleshooting
A. OSS-antioxidant mix depletes oxygen from the medium, thereby reducing photooxidation induced photobleaching and quenches unwanted dark (triplet) states that prevents fluorophore ''blinking''. B. Cells should be imaged immediately after HBS-OSS addition to prevent stress induced by hypoxia. The concentration of OSS, however, is much lower than that required for complete oxygen depletion. We typically image cells for a maximum of 10-15 min under these conditions. If OSS affects cell health, it can be removed from the imaging medium. However, this might increase the propensity for photobleaching. C. Increasing laser intensity and integration times are a great way to maximize the signal-to-noise/background ratio (SNR). However, the rate of photobleaching increases with increasing laser intensity and particle blurring may be a problem upon long exposure time. Optimal imaging conditions are set by identifying the least laser intensity and exposure time at which a maximum number of distinct particles is visible. D. Stroboscopic illumination techniques [32] can be used to image particles at high laser intensity with reduced average exposure of fluorophore to excitation light. E. Prior to tracking, SNR can be artificially improved by applying certain mathematical filters to the image that markedly increase localization accuracy and decrease uncertainty in diffusion coefficient calculations. 2D deconvolution (using AutoQuant X2 or Huygens) can be used to decrease the width of the spatial intensity distribution (or point-spread function, PSF) arising from diffraction limited particles and additionally aid in de-blurring, i.e., increasing the sharpness of images.
Selection of a tracking program
Tracking programs have two major functions, particle detection and trajectory reconstruction, and the mathematical relations used to execute these functions distinguish one software from another. However, there is a common link between all software programs; they assume that the intensity of the particle of interest must be greater than the background. Particle localization can be performed using one of several methods, as described [33] . Based on localization of particles in every frame of a video, trajectory reconstruction can be achieved using either multiple hypothesis tracking (MHT) [34] or a nearest neighbor approach. As the former is computationally expensive, mainly because tracks are evaluated every frame for the largest connected patch to identify the most probable path within a distribution of tracks, the latter is employed predominantly. We utilized ImarisTrack (Bitplane), mainly due to its automated tracking program and its intuitive visualization tool to assess tracks in real-time while selecting filters and thresholds. Particle localization is achieved by localizing the centroid of a particle's intensity distribution after applying a Gaussian low-pass filter, whereas tracking is accomplished by the nearest neighbor method. The Gaussian filter helps to remove high-frequency noise and approximates the PSF to a Gaussian function without the need for actual fitting, thereby increasing the accuracy of localization at reduced computational cost [35] . Localization is further enhanced by correcting for the local background around a particle of preset dimensions in every frame of the video. Put together, ImarisTrack and Imaris MeasurementPro (Bitplane) provide a statistical readout of all parameters from the assigned tracks that are necessary for data processing.
A. Open image in Imaris. Videos open as a 3D stack, so changing Z position with time. B. Select an intensity threshold at which a majority of the particles are visible. Select the ''spots'' option in Imaris to track particles. Track particles over a small (100 Â 100 pixel) region within the cell and then extend to the entire field of view. C. Choose an average diameter ($6-10 pixels) for the particles to be localized and include adaptive background subtraction. D. Select localized particles based on the ''quality'' parameter that is directly proportional to the SNR. The magnitude of this value is a function of the intensity histogram range. E. Track particles using the nearest neighbor ''Brownian'' method and setting a maximal inter-frame jump distance of a magnitude that is not higher than the diameter of the particle. Set the ''gap size'', i.e., the maximal duration (in frames) for which a particle may disappear from the field of view, to zero. F. Extend these settings to the entire field of view.
Notes, Tips and Troubleshooting
A. Choose a small region that contains the most number of least bright particles during particle tracking within the 100 Â 100 pixel region. B. The apparent diameters of particles depend on the magnification used and should be chosen by analyzing several particles over multiple videos. C. To increase the confidence in trajectory reconstruction, the jump distance was set to the particle diameter. Based on the density of particles and the above criteria, it was certain that a position on the adjacent frame belonged to the track of the same particle. D. Tracks should be inspected for merging, separating and disappearing/reappearing particles to ensure that they arose from well-behaved and isolated particles. E. Particle disappearance may occur due to fluorophore blinking or a particles moving out of the imaging plane; we typically do not account for these effects.
SPT data processing
We only tracked particles that are observed for at least 9 frames. Shorter tracks resulted in diffusion coefficients with $50% error or more and were discarded from the analyses [36] . Micro-diffusion coefficients are calculated as the slope of the line fit over first three data points (to yield D 0-3 ) of the mean squared displacement (MSD) versus time plot, using in-house MATLAB routines (Fig. 4B, C) . More specifically, we consider all tracks to be Brownian in nature, a valid assumption given the very short analysis window [37] . The intercept of the line represents the error in particle localization at the initial time point, the distribution of which closely mirrors the experimentally verified localization precision (1.6.3. Precision of particle localization).
Due to the limited length of tracks, a relative deviation (RD) measurement is used to characterize variations in diffusive pattern between different trajectories [37] . An RD value of $1 suggests that the data fit a Brownian diffusion model, thereby providing increased confidence in the calculated diffusion coefficients. Based on the track length and the time lag at which RD was calculated, deviations from unity suggest the presence of additional types of diffusion: anomalous, directed, and corralled motions. In such instances, the diffusion coefficients were also calculated using the canonical equation for the appropriate diffusive pattern [38] .
Single molecule counting in fixed cells
Biomolecules function as monomeric or multimeric units either individually or within complexes inside cells. Precisely understanding such oligomerization states of biomolecular complexes and their associated heterogeneity or diversity is one of the main aims of our iSHiRLoC method. This second aspect of iSHiRLoC entails single molecule counting in fixed cells through the stochastic, stepwise photobleaching of single fluorescent probes. Although photobleaching analysis has been extensively employed to understand molecular stoichiometry [13] , it has been limited to in vitro assays [39] or the membrane of live or fixed mammalian cells. The majority of such investigations employed total internal reflection fluorescence (TIRF) microscopy to selectively illuminate a thin lamina at the interface of glass and cell medium, hence limiting visualization to the vicinity of cell membranes. To overcome this caveat, we developed a method that employs HILO illumination to investigate the distribution and assembly of singly fluorophore-labeled, functional miRNAs in the cytoplasm of fixed cells after microinjection [20] . Our study revealed that most microinjected miRNAs exist as monomers, with a significant fraction of multimers (Fig. 4D-F) , suggesting the existence of two distinct populations, i.e., those assembled into individual miRNAs/miRNPs and others assembled into even larger RNP aggregates, the distribution of which changed over time [20] . Microinjection sample and conditions were the same as described above (1.5. Single particle tracking in live cells). The protocol for photobleaching was as follows.
A. Culture cells and microinject them as described above (1.3.2.
Cell culture and microinjection protocol). B. After the microinjected cells are incubated for specific time intervals, wash the cells five times with pre-warmed (37°C) PBS. C. Fix cells using pre-warmed (37°C) 4% (w/v) paraformaldehyde in PBS for 20 min at RT. D. Wash the cells five times with PBS after fixing. E. Transfer cells to PBS containing OSS-antioxidant mix as mentioned above (PBS-OSS). F. Image as described above (1.5. Single particle tracking in live cells), record 200-400 frame videos, or until all signal has disappeared due to photobleaching. G. Determine the number of photobleaching steps using an appropriate analysis routine. 
Notes, Tips and Troubleshooting
Photobleaching data analysis
The photobleaching data obtained from continuous illumination of fluorescent particles can be analyzed using a custom LabView (National Instruments) code, as described [40] . This code incorporates noise-filtering and photon-counting histogram (PCH) techniques effective for use in photobleaching trajectory analysis. The non-linear Chung-Kennedy (CK) noise-filter [41] was used as it is designed to preserve the fast and sudden transitions in the signal with minimal distortions and yet average out instrument noise effectively with minimum edge blurring based on the parameters chosen. The PCH approach is based on the premise that the number of photons collected per sampling time and molecule follows a Poisson distribution, which can help reveal the intensity distributions of the different species that bear distinct peak brightness values. The area under such a curve can then be used to calculate dwell times at individual states as well. Procedures for data analysis using this software were as follows.
A. Compute cell boundary by setting an absolute threshold of fluorescein signal at which only the intracellular pixels bear non-zero values. B. Average the first 5 frames of the video for particle recognition. C. Set the software to detect particles that are spread over an area of 11 Â 11 pixels at most, but larger than a pixel. D. Select particles whose maximal intensity value is at least 1.2-fold higher than the average local background. Particle centers are chosen based on the pixel with the maximum intensity. E. Use the coordinates of chosen particles to locate particles in the video where the intensity of each particle per frame is calculated by subtracting the average intensity values of a 1 pixel strip around the 11 Â 11 particle area from the average intensity within. F. Process the intensity trajectory thus created by the CK nonlinear filter with K (bank of predictors) = 4 predictors, moving average window length of 32 points, M (predictor window size) = 10, p (weighting factor or exponent) = 100 over two iterations. G. Overlay original trajectory with the filtered trajectory and count the number of photobleaching steps for all particles. Use the filtered trajectory and the PCH to identify the number of steps.
Notes, Tips and Troubleshooting
A. All parameters used above are assay and software dependent. The above settings are valid only for samples imaged using our specific microscope, microinjection settings and software [20] . B. Particle size is chosen such that the largest particle is at least one pixel strip smaller than our setting. C. Parameters for the CK non-linear filter should be chosen carefully. The size of the analysis window is represented by M and, based on the data, typically 4 6 M 6 20. The weighting factor assigned to each forward and backward predictor, p, can be chosen independently and typically 1 6 p 6 100. The higher the value the better (e.g., p = 100). Although there is a drastic reduction in noise with lower p values, the amplitude and the edges of the signal get distorted [41] . Perform 2-3 iterations at most, as increasing iterations are accompanied by a distortion of the original signal as when using lower p values. Additionally, the number and length of predictors, K (in frames), can be varied based on the average dwell times at each state. It is safe to choose a value that is larger than the smallest dwell time. A short pair of forward and backward predictors helps extract exponentially decaying signals without much effect on reducing background noise. D. We distinguish particles by the number of photobleaching steps. However, a few traces ($20-25%) will contain photobleaching trajectories that do not bleach at finite steps. These traces were labeled as NM1, NM2, ND or noPB based on certain characteristic features. NM1 included those traces that contained multiple photobleaching steps, but the exact number was indiscernible. By contrast, NM2 also bleached with multiple steps, but the maximal intensity was higher than $1750 A.U. Such intensity values are expected for particles with more than seven molecules, considering that the average maximal intensity per single photobleaching event was $250 A.U. ND ($2-10%) were traces where it was difficult to determine if the particle bleached in one or many steps. Lastly, noPB included those non-zero traces that did not contain any stepwise photobleaching. Finally, the distribution was binned into monomers, i.e., single step photobleaching particles, or multimers, i.e., those that bleached in multiple steps including NM1s and NM2s (Fig. 4F ). E. Other software packages that use hidden Markov modeling (HMM) to identify photobleaching steps are also available [42] .
Photobleaching control
It is critical to reduce pre-bleaching of fluorophores, i.e., photobleaching prior to imaging, to accurately count molecules. To ensure minimal pre-bleaching in our samples, we performed photobleaching assays on cells injected with the same sample or ones that were prepared and stored in a similar fashion, immediately after microinjection. We then counted the number of photobleaching steps and correlated them with the number of independently determined fluorophores per particle. We used a DNA oligonucleotide, MS2 (Table 1) , with four internal amine modifications, purified and labeled it similar to the miRNAs [23, 24] for this purpose. MS2 and its 5 0 phosphate containing complementary strand (C-MS2) were annealed in a 1:1 ratio in water, at a concentration of 10-20 lM and frozen for further use. We used 0.5 lM Cy5 labeled duplex DNA and 0.5 mg/ml 10 kDa Fluorescein dextran (Invitrogen) in PBS for microinjection. Microinjections were performed at 100 hPa injection pressure for 0.5 s with 20 hPa compensation pressure. Under these conditions, we found that the distribution of photobleaching steps closely matched the theoretical binomial distribution of the number of dyes per DNA for our labeling efficiency of 3.45 labels per DNA, suggesting that prebleaching was minimal [20] . Moreover, we could clearly visualize multi-step photobleaching particles with high confidence, thus further validating our method of analysis.
Notes, Tips and Troubleshooting
A. This assay can alternatively be performed in vitro as follows.
Using a modified protocol, a DNA containing both biotin and a fluorophore (Cy3) is annealed to a complementary miRNA with a spectrally distinct fluorophore label (Cy5). The amount of miRNA should be in a large excess over the DNA, for instance a 20:1 ratio of miRNA:DNA. This duplex is bound to a streptavidin functionalized surface, excess miRNAs are washed away, and the fraction of colocalized spots is then calculated. The non-colocalized spots that only contain the DNA represent duplexes with pre-bleached miRNAs.
Precision of particle localization
Localization accuracy is the average radius of a circle within which a particle can be confidently located, i.e., the error associated with its location. This uncertainty plays a significant role in SPT by negatively affecting particle detection, tracking and accurate diffusion coefficient calculations; the greater the uncertainty, the blurrier the particle and the greater the error in diffusion coefficient. Reduced precision typically can be attributed to small movements in the stage position or low SNR. To ensure that the localization accuracy is much smaller that the width of the particles (in pixels) and their corresponding inter-frame jump distances, we experimentally quantified the former using the following protocol.
A. Culture cells, microinject (1.3.2. Cell culture and microinjection protocol), fix and image cells as described above (1.6. Single molecule counting in fixed cells). B. Track the fixed particles using the tracking software. C. Plot a histogram of particle displacement over the duration of their track.
D. Fit the histogram with a Gaussian function, and predict the mean and standard deviation of the measured inter-frame displacements. The mean value of the Gaussian represents the average uncertainty in the particle position.
Conclusions and future directions
In conclusion, here we report the detailed protocol for the iSHiRLoC analysis of miRNAs, designed to probe their intracellular assembly and hence their mechanism of action. It is only a matter of time before this method is extended to probing the intracellular function of other ncRNAs.
Microinjection allowed for the homogeneous, controlled delivery of miRNAs directly into cells in an efficient and non-invasive fashion. Ensemble reporter gene assays showed that fluorophore modification and microinjection do not affect miRNA function (Fig. 3) , attesting to the low invasiveness of the method. In this fashion, each cell functions as an individual reaction vessel into which functional fluorophore labeled miRNAs are introduced. SPT and single molecule counting methods complement each other in understanding assembly states of miRNAs; the former sheds light on the molecular mass and spatiotemporal distribution of miRNP complexes and the latter predicts the exact number of labeled miR-NA molecules within each complex. Based on SPT data (Fig. 4A-C) , diffusion coefficients of miRNPs typically distributed into (at least) two distinct Gaussian populations that were indicative of miRNAbound mRNAs [43] and PBs [44] , respectively, both functional intermediates of miRNA mediated gene regulation. Particle counting (Fig. 4D-F) showed that a majority of such particles contained individual miRNA molecules; however, significant fractions of particles also held multiple molecules (up to seven), thus representing higher-order complexes. Put together, we mapped the spatiotemporal evolution of miRNA assembly with single molecule sensitivity [20] .
Ensemble reporter assays and distribution of diffusion coefficients strongly suggested that a significant proportion of the particles we observed are functional. However, further studies using dual-color tracking and colocalization, are required to pinpoint with single molecule precision the functional relevance of each miRNA. For instance, we can microinject miRNAs with fluorescent labels on both strands of the duplex and quantify the ratio of double-stranded to single-stranded miRNA. As only one strand of the miRNA duplex (guide) is preferentially retained in active RISC [6, 7] , this experiment would measure the extent of duplex unwinding and strand selection. As we can now also label and visualize single mRNA molecules [43, 45] and PBs [44] , it would be relatively straightforward to determine the exact percentage of target bound and PB-localized miRNAs. In this fashion, we will be able to monitor the progress of miRNAs though every step of RNA silencing, as well as other, competing cellular RNA pathways [46] at single molecule sensitivity, with the ultimate goal of understanding the RNA silencing mechanism through a novel single molecule systems biology approach.
